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Two objective measures of human cochlear tuning, using stimulus-frequency otoacoustic emissions
(SFOAE), have been proposed. One measure used SFOAE phase-gradient delay and the other two-
tone suppression (2TS) tuning curves. Here, it is hypothesized that the two measures lead to differ-
ent frequency functions in the same listener. Two experiments were conducted in ten young adult
normal-hearing listeners in three frequency bands (1-2 kHz, 3-4 kHz and 5-6 kHz). Experiment 1
recorded SFOAE latency as a function of stimulus frequency, and experiment 2 recorded 2TS iso-
input tuning curves. In both cases, the output was converted into a sharpness-of-tuning factor based
on the equivalent rectangular bandwidth. In both experiments, sharpness-of-tuning curves were
shown to be frequency dependent, yielding sharper relative tuning with increasing frequency. Only
a weak frequency dependence of the sharpness-of-tuning curves was observed for experiment 2,
consistent with objective and behavioural estimates from the literature. Most importantly, the abso-
lute difference between the two tuning estimates was very large and statistically significant. It is
argued that the 2TS estimates of cochlear tuning likely represents the underlying properties of the
suppression mechanism, and not necessarily cochlear tuning. Thus the phase-gradient delay esti-
mate is the most likely one to reflect cochlear tuning.VC 2011 Acoustical Society of America.
[DOI: 10.1121/1.3575596]
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I. INTRODUCTION
Cochlear tuning refers to the ability of the cochlea to
resolve complex sounds into individual tones. The current
“gold standards” for assessing cochlear tuning are behavioral
measures, based on forward- or simultaneous-masking pro-
cedures and can be regarded as a measure of basilar mem-
brane (BM) filtering (Oxenham and Shera, 2003). It would
be desirable to have reliable objective measures to assess
human cochlear tuning across frequency and subjects, e.g.,
for neonates and uncooperative subjects. One such objective
method makes use of stimulus-frequency otoacoustic emis-
sions (SFOAEs). Otoacoustic emissions (OAEs) can be con-
sidered as a leakage of acoustic energy from the active,
frequency-selective transmission mechanism that takes place
in the cochlea (Kemp, 2008). SFOAEs are recorded at the
same frequency as an applied pure-tone stimulus (Kalluri
and Shera, 2007a). SFOAEs are easy-to-record and are
appropriate to use to estimate frequency selectivity, as pure
tones at moderate levels only excite a narrow region of the
BM. Two SFOAE measures of cochlear tuning, based on la-
tency estimation and on two-tone suppression (2TS) tuning
curves, have been proposed in the literature (Shera et al.,
2002; Shera and Guinan, 2003; Schairer et al., 2006; Keefe
et al., 2008; Lineton and Wildgoose, 2009). These two
SFOAE measures should both be correlated with human au-
ditory filter bandwidth (Lineton and Wildgoose, 2009) and
thus provide estimates on the sharpness of cochlear tuning.
A. SFOAE latency
Using SFOAE latency to derive an estimate of cochlear
tuning was originally motivated by predictions from the pre-
dominant hypothesis for OAE generation, the coherent
reflection filtering theory (Shera and Guinan, 1999; Shera
et al., 2002; Shera and Guinan, 2003). This approach to esti-
mate cochlear tuning has been used extensively in the litera-
ture (Shera et al., 2002; Shera and Guinan, 2003; Schairer
et al., 2006) at low stimuli levels (<40 dB SPL), where the
cochlea is assumed to behave linearly. The coherent reflec-
tion filtering theory explains the evolution of the SFOAE
phase with frequency which depends on basic cochlear me-
chanical properties. From the SFOAE phase, the SFOAE la-
tency, sSFOAE, can be calculated as the group delay:






where fp is the stimulus frequency (also denoted the probe
frequency). The link between SFOAE delay and basilar
membrane (BM) delay, usually made using coherent reflec-
tion filtering theory, is not a requirement for estimating
cochlear tuning. As recently clarified in Shera et al. (2010)
and implicit in the original Shera et al. (2002) study, the link
between SFOAE latency and cochlear tuning can be made
by exploiting a purely empirical relationship. For this pur-
pose, it is useful to express SFOAE latency in dimensionless
periods of the characteristic frequency (CF) as
NSFOAE ¼ sSFOAE  fp: (2)
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Cochlear tuning can be evaluated using the sharpness-of-tun-
ing Q-factor. To compare tuning from objective measures
with behavioural measures, QERB is used and is based on the
equivalent rectangular bandwidth (ERB). This is defined as
the bandwidth of a corresponding rectangular filter, with the
same peak amplitude that passes the same amount of power
as the original filter when the rectangular filter is driven by
white noise (Shera et al., 2002). Classically, Zweig (1976)
demonstrated that the auditory filters show many characteris-
tics of a minimum phase system. Specifically, the band-
widths and slopes of the phase functions are inversely
proportional, with steeper slopes (larger NSFOAE) corre-
sponding to smaller bandwidths (larger QERB).
A constant of proportionality or tuning ratio, k, was
defined as the ratio of tuning sharpness to SFOAE phase gra-
dient delay in periods. Shera et al. (2010) argued that the
tuning ratio has a species invariant form in cat, guinea pig
and chinchilla, found from published auditory nerve (AN)
tuning data and SFOAE latency. This approximate species
invariance allowed Shera et al. (2010) to estimate cochlear
tuning in humans from recorded SFOAE delays. Shera et al.
(2002) derived a similar and related empirical measure based
on a power-law fit to guinea pig and cat AN tuning and
SFOAE latency data. This work was criticized as the formu-
lation used by Shera et al. (2002) was to convert from
SFOAE delay to estimated BM delay. The estimates were
based on simplified coherent reflection filtering theory pre-
dictions, which have come under challenge in the literature
(Siegel et al., 2005; Ren, 2004). In fact, the Shera et al.
(2002) procedure does not rely on any relationship between
SFOAE and BM delays, nor on any model of OAE genera-
tion. In the present study, the procedure from Shera et al.
(2002) is used with the frequency dependent constant of pro-
portionality altered to reflect how tuning is empirically
related with SFOAE delay in periods. Human cochlear tun-
ing is estimated in the present study by
QERB ¼ k  NSFOAE (3)
where k is the dimensionless tuning ratio, equivalent to the
reciprocal of the product of the filter bandwidth and sSFOAE.
In this estimate both k, NSFOAE and hence QERB depend on
the characteristic frequency (CF). A power-law form of
human tuning ratio, k, is given as
k ¼ bf ap (4)
where a¼0.076 0.06 and b¼ 1.156 0.16 (half the value
given in Shera et al. (2002) to remove the reference to esti-
mated BM delay). Equations (1)–(3) thus provide an empiri-
cally-based relation between SFOAE phase and cochlear
tuning, completely independent of any theory of OAE gener-
ation. As pointed out by Shera et al. (2010), the primary
assumption of this method is the species invariance of the
tuning ratio.
B. Two-tone suppression
Another estimate of cochlear tuning can be made using
2TS tuning curves (Brass and Kemp, 1993; Keefe et al.,
2008; Lineton and Wildgoose, 2009). 2TS refers to the phe-
nomena where one tone, denoted the suppressor tone,
reduces the amplitude of the response to the probe tone. 2TS
tuning curves can be obtained by fixing the probe tone while
sweeping the suppressor tone around the probe frequency.
When the suppressor frequency is closer to the probe fre-
quency, a greater degree of suppression is observed. Thus,
2TS tuning curves appear to have a bandpass shape, from
which QERB can be estimated. Historical studies have linked
2TS tuning curve bandwidth to cochlear tuning (Brass and
Kemp, 1993; Keefe et al., 2008; Lineton and Wildgoose,
2009). It has been argued that the 2TS tuning curve band-
width depends on the amount of suppression, which is a
function of the amount of overlap between the probe tone
traveling wave (TW) and the suppressor tone TW on the
BM, which again is related to frequency selectivity and thus
auditory filter bandwidth. As opposed to the empirically-
derived relation between SFOAE latency and QERB, the link
between 2TS tuning curves and cochlear tuning relies on this
weaker heuristic argument. A more robust theoretical back-
ground is desired but is lacking in the literature, as high-
lighted by Brass and Kemp (1993), Keefe et al. (2008) and
Lineton and Wildgoose (2009).
C. Historical tuning estimates and scope of this study
Different objective estimates of QERB as a function of
frequency have been obtained in the literature. Most studies
using SFOAE latency concluded that QERB increases with
increasing CF, from 0.4 to 10 kHz (Shera et al., 2010, 2002;
Shera and Guinan, 2003). This implies that the auditory fil-
ters sharpen with frequency. In contrast, however, Schairer
et al. (2006) found QERB to be invariant to frequency even
though SFOAE latency was also used. This discrepancy
between the QERB frequency dependence based on SFOAE
latency, particularly at CF  4 kHz, has not been resolved
yet (Schairer et al., 2006). Keefe et al. (2008) measured 2TS
tuning curves in the range of 1–4 kHz and showed QERB esti-
mates that were independent of frequency. Thus, different
QERB frequency functions have been observed in historical
studies (Shera et al., 2002, 2010; Schairer et al., 2006; Keefe
et al., 2008) across the two different SFOAE measures, and
the reason for the differences has remained unclear. Poten-
tially, the two SFOAE measures reflect the tuning properties
of the cochlea in different excitation states. In order to fur-
ther examine this in the present study, both paradigms were
implemented in the same subjects in the range from 1–6
kHz, using the same experimental setup. Lineton and Wild-
goose’s (2009) study provided some indirect evidence, based
on numerical cochlear modeling, to suggest that group delay
(GD) and two-tone suppression (2TS) methods should pro-
vide similar bandwidth estimates. They demonstrated via
their model that the tuning measures based on GD and 2TS
had a weak correlation. However, they failed to demonstrate
a significant correlation in the two derived estimates of tun-
ing across 16 human subjects. Lineton and Wildgoose
(2009) limited their analysis to a 1–2 kHz band. By restrict-
ing their frequency range, the small correlation predicted
from modeling would likely have been so small due to the
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inherent variability seen in SFOAE data. In the present
study, the frequency range was expanded with two additional
bands at 3–4 and 5–6 kHz in an attempt to clarify if the small
correlation predicted by Lineton and Wildgoose (2009)
exists. Results of the present study were compared to previ-
ous studies (Shera et al., 2002, 2010; Schairer et al., 2006;
Keefe et al., 2008).
II. METHODS
A. Subjects
A total of ten NH subjects (seven males and three
females) participated in the study, their ages ranged from
23–30 years. Five right and five left ears were chosen ran-
domly from the subjects. All subjects showed audiometric
thresholds 15 dB HL. The experiments were conducted in
an acoustically shielded audiometric booth (IEC 268-13).
B. Stimuli and data acquisition
SFOAEs were recorded with the so-called suppression
method1 (Brass and Kemp, 1993; Shera and Guinan, 1999;
Schairer et al., 2006; Kalluri and Shera, 2007a,b; Keefe
et al., 2008; Lineton and Wildgoose, 2009) using a probe
tone and a suppressor tone presented simultaneously. An
interleaved, two-interval stimuli procedure (Shera and
Guinan, 1999; Kalluri and Shera, 2007a,b) was used. The
probe tone was played continuously and the suppressor tone
was turned on and off in cycles. The probe and suppressor
tones were played through separate earphones, to prevent
spurious contamination by earphone distortion (Kalluri and
Shera, 2007b). The stimulus was split into a probe and a sup-
pressor segment, where each segment consisted of the fol-
lowing six intervals:




The intervals were equally long with N¼ 4096 samples, or
T¼ 85.3 ms, with a sampling rate of 48 kHz. Thus, the total
segment duration was 6T¼ 512 ms. The probe segment con-
sisted of six identical intervals P1, P2,… , P6 of a pure tone
with frequency fp. The frequency fp was adjusted, so that
each interval contained an integer number of cycles of the
tone. The suppressor segment contained different intervals.
The O1, O2 intervals contained zeros and the intervals S4, S5
consisted of an adjusted pure tone with frequency fs and zero
initial phase. The W3,W4 intervals consisted of the suppres-
sor interval, multiplied by half-Blackman windows that
ramped the suppressor on and off. This was done to reduce
any unwanted transient emission (Shera and Guinan, 1999).
The segments were repeated a fixed number of times J¼ 30,
which was considered enough to achieve a sufficiently large
signal-to-noise ratio (SNR) across the different subjects.
The stimuli were generated in Matlab and played via a
soundcard (RME Fireface800). The probe and the suppressor
were sent through two channels to a headphone driver (TDT
HB 7), and to subjects, through separate insert-earphones
(ER-2) connected to an OAE probe (ER-10B). The recorded
ear canal pressure from the OAE probe was amplified by 40
dB (ER-10dB) and band-pass filtered (Rockland model 852)
between 0.5 kHz and 12 kHz, and stored digitally on a PC
for off-line analysis.
C. Measurement procedures
Two experiments were conducted: experiment 1
recorded SFOAEs as a function of probe frequency and
experiment 2 recorded SFOAE 2TS-tuning curves as a func-
tion of suppressor frequency. All stimuli were calibrated
using a coupler (IEC 711) in dB SPL. All recordings were
repeated twice, so test-retest reliability could be evaluated.
1. Experiment 1: SFOAEs as a function of probe
frequency
Low-level SFOAEs could lead to discontinuities in the
SFOAE phase curve due to poor signal to noise ratio (SNR).
A suppressor of fs¼ 1.15 fp was chosen as this has been
shown to result in maximum suppression of the SFOAE
component in historical studies (Brass and Kemp, 1991,
1993; Keefe et al., 2008; Lineton and Wildgoose, 2009).
Thus, when the SFOAE was extracted from the unsuppressed
condition, by subtracting the suppressed response (explained
in detail in Sec. II D 2), the largest possible SFOAE residual
was obtained. This ensured a reasonable SNR. The probe
was swept in frequency in three different bands; band 1 from
1–2 kHz (996.09–2003.91 Hz), band 2 from 3–4 kHz (3000-
3996.09 Hz) and 5–6 kHz (5003.91–6000 Hz) with the num-
ber of linear-spaced frequency components being 87, 86, and
86, respectively. The frequency step was approximately 11.7
Hz, and was deemed to provide a sufficiently high resolution
such that the derived phase curve lacked any ambiguities
due to unwrapping.
The probe level Lp and suppressor level Ls were chosen
as Lp¼ 40 dB SPL and Ls¼ 60 dB SPL, respectively. These
levels were chosen, as they produce sufficiently large
SFOAE levels (Kalluri and Shera, 2007a).
2. Experiment 2: SFOAE 2TS-tuning curve as a
function of suppressor frequency
The probe frequency fp was fixed while the suppressor
frequency was swept around this. The suppressor frequency
fs¼ fp was omitted from the recordings. The range of fs was
chosen based on preliminary recordings in a selected subject
to ensure a sufficient range of the 2TS tuning curve. A range
from 0.9 fp to 1.6 fp was found appropriate to capture most of
the energy below the 2TS tuning curves in each band.2
SFOAE levels typically show a pattern of local maxima
and minima across fp, known as the SFOAE fine structure
(Brass and Kemp, 1993; Shera and Guinan, 1999; Kalluri
and Shera, 2007a,b). Frequency fp was chosen for each sub-
ject individually at a local maximum in the SFOAE level
curves from experiment 1 to produce high-level 2TS tuning
curves with a well-defined bandpass shape.
An iso-input recording paradigm was applied, keeping
the suppressor at a constant level and varying the degree of
suppression of the SFOAE by varying the suppressor
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frequency fs. Identical probe and suppressor levels,
Lp¼ Ls¼ 40 dB SPL, were used. In theory, this should evoke
suppressor traveling waves (TWs) along the BM that were
similar to the TW of the probe during experiment 1 (Lineton
and Wildgoose, 2009).
D. Off-line processing
1. Artifact rejection, averaging and Fourier analysis
Artifact rejection was performed to remove any record-
ing epochs containing large amounts of unwanted noise.
First, the initial two repetitions were discarded from the raw
signal, to avoid any unwanted transient responses from the
transducers (Shera and Guinan, 1999). Secondly, 10% of the
noisiest repetitions were discarded in each recorded buffer.
Time-domain averaging (Shera and Guinan, 1999; Kalluri
and Shera, 2007a,b) was applied, where the probe intervals
(X1, X2) and probeþ suppressor intervals (X4, X5) were aver-
aged across repetitions. Finally, (X1, X2) and (X4, X5) were
averaged into one probe and probeþ suppressor interval
(each interval containing 4096 samples), respectively. The
probe and probeþ suppressor interval spectra were obtained
via the fast Fourier transform.
2. Extracting emission components
During experiment 1, the recorded ear canal pressure
can be regarded as the sum of two complex pressure compo-
nents (Kalluri and Shera, 2007b):
pp fp
  ¼ ppþs:MS fp þ pSFOAE fp ; (6)
where pp(fp) is the complex ear canal pressure at fp, extracted
from the complex spectrum of the probe interval. The second
term, ppþ s:MS(fp), is the complex ear canal pressure
extracted from the probeþ suppressor interval, under the
assumption of maximal suppression of SFOAEs. This means
that the energy in ppþ s:MS(fp) should correspond to the com-
plex stimulus pressure only, as the SFOAE component has
been completely suppressed. The last term in Eq. (6) is the
complex SFOAE pressure wave. Rearranging Eq. (6) leads
to an estimate of pSFOAE:
pSFOAE fp
  ¼ pp fp  ppþs:MS fp  e2pjseqfp (7)
The exponential factor in Eq. (7) compensates for the inter-
nal recording rig delay, seq. The SFOAE level, in dB SPL, at
a specific fp was then calculated from pSFOAE(fp):
LSFOAE fp





where pref ¼ 20 lPa. The SFOAE phase was given by
/ fp






where Eq. (9) returns the wrapped phase in radians. An
unwrapping procedure was applied and the phase angles
were converted into cycles of fp. In each band, the slope of
the phase was calculated using the three-point finite differ-
ence method (Press et al., 1986) and converted into latency
using Eq. (1). Group delay estimates based on phase-gradient
are known to be sensitive to noise. Therefore, each latency
estimate was weighted by the normalized squared pressure
amplitude of pSFOAE (Lineton and Wildgoose, 2009):
w fp




where p2SFOAE,av is an average value of the squared pressure







  2dfp: (11)
The weighting function w provides more weight to frequen-
cies with correspondingly large emission amplitudes, and
penalizes frequencies with low emission amplitude, as these
create discontinuities in the unwrapped phase. The average











This leads to three averaged SFOAE latencies, centered in
the three bands analyzed.3
In experiment 2, a complex pressure component p2TS,
was extracted from the recorded ear canal pressure, using the
following complex subtraction:
p2TS fp
  ¼ pp fp  ppþs:PS fp  e2pjseqfp : (13)
Here, ppþ s:PS(fp) refers to the complex ear canal pressure
extracted from the probeþ suppressor, and assumes that the
SFOAE is only partially suppressed. The degree of suppres-
sion observed is a function of suppressor level and fre-
quency. Thus, the resulting complex subtraction in Eq. (13)
indicates that p2TS(fp) can be interpreted as the complex
pressure of the partial SFOAE. For each fs, p2TS(fp) was
extracted and converted into a level in dB SPL. Plotting fs
against this level yielded the 2TS iso-input tuning curve.
3. Estimates of the noise floor
The noise floors in experiments 1 and 2 were assessed
by calculating an average of adjacent frequency bins to the fp
bin. This method relied on the assumption that the noise of
the neighboring frequency bins provided estimates of the
noise at the fp bin, thus assuming that the additive noise was
white and stationary. Ten spectral bins to either side of the fp
bin were extracted from the probe and probeþ suppressor
spectra. A complex subtraction between corresponding noise
bins in the probe and probeþ suppressor spectra was then
carried out to provide estimates of SFOAE noise at each
noise bin. The bins were then averaged and converted to dB
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SPL. In experiment 2, the suppressor frequency, fs, was
always excluded from the noise estimation procedure.
4. Sharpness-of-tuning calculations
The SFOAE latency estimates from experiment 1 were
converted into sharpness-of-tuning factors, QERB, using
Eqs. (2)–(4). QERB was evaluated using center frequencies
CF¼ 1.5, 3.5, 5.5 kHz from each band to provide an average
estimate in each of the three bands. Shera et al. (2002) did pro-
vide fitted means and 95% confidence interval limits of k, valid
at CF  1 kHz, corresponding to the basal 60% of the cochlea.
Only the fitted mean k function was used here (altered to
remove reference to BM delay) to estimate the QERB in
Eq. (3). Thus, the variation in k, indicated by 95% confidence
interval limits of the mean k was not considered here.
As in Keefe et al. (2008), the QERB was estimated from
2TS tuning curves by squaring the amplitude of the 2TS tun-
ing curves. The area below this curve was then interpreted as
the power passed by the 2TS tuning curve. This was inte-




p2TS fsð Þj j2dfs: (14)
The ERB was estimated as
ERB ¼ P
max p2TS fsð Þj j2
; (15)
reflecting the ratio between the total power P, passed by the
2TS tuning curve, and the peak squared amplitude of the





A. Experiment 1: SFOAEs as a function of probe
frequency
Figure 1 shows SFOAE level and phase versus probe
frequency, fp, for one illustrative subject “sr,” recorded in
the three bands 1–3. The top panels show SFOAE level
(solid lines) and the noise floor (dashed lines) in dB SPL and
the bottom panels show unwrapped SFOAE phase in cycles
of 2p. Test-retest recordings (black and gray curves) are
closely overlapping each other in all bands, indicating good
and robust estimates. SFOAE levels vary between 20 dB
to 20 dB SPL across the three bands, showing the character-
istic fine structure of local maxima and minima (Brass and
Kemp, 1993; Kalluri and Shera, 2007a,b). In all bands, the
SNR was generally excellent (20–40 dB). The phase curves
showed steady, negative slopes in all bands, indicating a
delay relative to the stimulus. The phase roll-off stretched
over 12 cycles, 7 cycles, and 6 cycles in each respective
band. Thus, the slope and the corresponding BM latency
decreased across bands, as stated in Eq. (1). The estimated
phase, as reported in Eq. (9), was very sensitive to low SNR
levels, in particular to low SFOAE levels. This was observed
as discontinuities in the unwrapped phase which is evidently
seen in band 3 around fp¼ 5.9 kHz. The weighting function
in Eq. (10) reduced the phase contribution in such regions,
making the latency estimates robust against noise. Bands
showing particularly low SFOAE levels and thus an unstable
phase curve were discarded from the sharpness-of-tuning
processing (3 of 30 bands).
B. Experiment 2: SFOAE 2TS-tuning curve as a
function of suppressor frequency
Figure 2 shows the 2TS iso-input tuning curves (solid
lines) and the noise floor (dashed lines), in dB SPL, and the
unwrapped phase in cycles as a function of the normalized
frequency fs=fp for the illustrative subject “sr” in all three
bands. The 2TS tuning curves showed a bandpass-shape
with levels decreasing across bands. The peak level was typi-
cally located just below fs=fp¼ 1.2, although there was sig-
nificant subject variation. Larger SFOAE levels were
obtained in experiment 1 than in experiment 2 at similar fre-
quencies. This was due to the larger suppressor level used in
experiment 1 (Ls¼ 60 dB SPL) compared to experiment 2
(Ls¼ 40 dB SPL). Test-retest recordings were repeatable in
all bands. However, for illustrative purposes, band 2 for sub-
ject “sr” is shown where there is not an excellent agreement.
The magnitude and phase plots both appear to be offset from
FIG. 1. SFOAE level and phase
from subject “sr.” SFOAEs were
recorded in the three bands 1–3. Test
(black curves) - retest (gray curves)
recordings are both shown. Top fig-
ures show SFOAE level (solid
curves) and the noise floor (dashed
curves) in dB SPL versus fp. Bottom
figures show the unwrapped SFOAE
phase in cycles of 2P versus fp.
J. Acoust. Soc. Am., Vol. 129, No. 6, June 2011 Bentsen et al.: Objective cochlear tuning estimates 3801
Downloaded 23 Jun 2011 to 192.38.67.112. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp
each other. This is likely due to a different probe-insertion
depth, which can lead to different excitation levels in the ear
canal. This resulted in a constant change in OAE level, how-
ever, the phase offset was due to the unwrapping procedure
used here. All phase is given relative to the lowest fs=fp
tested and as can be seen, this is dominated by noise in this
band, i.e., random phase. The variation of phase with fs=fp
was found to be essentially flat in the region of interest, as
expected. In general, low SFOAE levels gave rise to poor
bandpass shapes and were discarded from the sharpness-of-
tuning processing (9 of 30 bands). For accepted subjects, the
general tendency was a broadening of level curves across
bands 1–3 on the relative frequency scale.
C. Sharpness-of-tuning estimates
Figure 3 shows sharpness-of-tuning QERB estimates
across CF. The figure shows group mean and group standard
error limits of QERB estimates for experiments 1 (solid curve
with squares) and experiment 2 (solid curve with triangles
pointing downwards). QERB estimates were averaged across
test-retest and across subjects. An increase in QERB across
CF is seen in the group mean curve from experiment 1
(QERB values from 16 to 20). The group mean curve from
experiment 2 is lower than the curve from experiment 1 and
shows a slight increase (QERB values from 5 to 6).
A two-way analysis of variance (ANOVA) was applied
independently to the QERB group data from experiments 1
and 2. Data from experiment 1 showed a significant fre-
quency dependence (F¼ 7.4; p¼ 0.006) while the data from
experiment 2 showed a less powerful though still present fre-
quency dependence (F¼ 4.8; p¼ 0.04). In order to investi-
gate the covariation between the data from the two
experiments in greater detail, an analysis of covariance
(ANOCOVA) was then applied. The ANOCOVA assumes a
linear model of each data set. According to Neely et al.
(1988), for a fixed level of excitation, the basilar membrane
latency sBM can be modelled as a decreasing power law
function of the probe frequency fp as
sBM ¼ afbp ; (17)
where a and b are constants. Assuming that the SFOAE
delay, sSFOAE, is proportional to the BM delay, sBM, via a
constant (Shera and Guinan, 2003; Moleti and Sisto, 2008;
Harte et al., 2009) and inserting Eq. (17) in Eqs. (2), (3),
and (4) yielded a power-law model of QERB as a function of
CF. On a double logarithmic scale this implied a linear
model of the form
log10 QERB½  ¼ j  log10 fp
 
C; (18)
where j is the slope and C the linear model intercept. Coch-
lear model simulations by Lineton and Wildgoose (2009)
showed a degree of correlation between the two SFOAE
measures. For this reason, it is possible to argue that the log-
transformed data from experiment 2 should also follow a lin-
ear model on the log transformed axes. The ANOCOVA
demonstrated fitted slopes which were not statistically differ-
ent between experiments 1 and 2 (experiment-CF interaction
term: F¼ 0.82; p¼ 0.37) at a significance level of 5%. The
slope estimate j (experiment 1: j^¼ 0.198; SEj^¼ 0.054;
experiment 2: j^¼ 0.100; SEj^¼ 0.054) was closer to zero for
experiment 2, indicating a slightly weaker frequency
FIG. 2. 2TS iso-input tuning curves
and unwrapped phase in cycles from
subject “sr.” Curves were recorded
in the three bands 1–3 with the
choice of fp labeled on each figure.
Test (black curves) - retest (gray
curves) recordings are both shown.
Top figures show 2TS tuning curves
(solid curves) and the noise floor
(dashed curves), in dB SPL. Bottom
figures show the unwrapped SFOAE
phase in cycles of 2pi. The fre-
quency axis have been normalized
with respect to the specific fp.
FIG. 3. Means and standard errors of QERB measured in experiment 1 (solid
line with squares) and 2 (solid line with downwards pointing triangles). Esti-
mated QERB curves from historical studies are also shown, including Shera
et al. (2002) (dashed lines), Schairer et al. (2006) (dotted line with circles),
Keefe et al. (2008) (dotted lines with triangles pointing upwards) and
Glasberg and Moore (1990) (dot-dashed line).
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dependence, as previously demonstrated using the two inde-
pendent ANOVAs. The interception C (experiment 1:
C^¼ 1.16; SEC^¼ 0.027; experiment 2: C^¼ 0.675; SEC^
¼ 0.027) differed significantly, implying that the absolute
difference of QERB was significant between the two
estimates.
Both experiments in the present study demonstrated
sharpness-of-tuning estimates with significant frequency de-
pendence. As seen in Fig. 3, both indicated sharper cochlear
tuning as frequency increased. The ANOCOVA test con-
firmed a stronger frequency dependence in experiment 1,
while the dependence was borderline in experiment 2. Most
importantly the absolute differences between the two esti-
mates for QERB were very large and significant.
D. Objective sharpness-of-tuning estimates
In addition to the results of the present study, Fig. 3
includes other key objective and subjectively derived QERB
estimates from the literature. Similar to experiment 1 of the
present study, Shera et al. (2002) (dashed lines, including
confidence intervals) and Schairer et al. (2006) (dotted line
with filled circles) used SFOAE latency to obtain QERB.
Estimates of QERB from Shera et al. (2010) have not been
included as they are very similar to Shera et al. (2002). As in
experiment 2, Keefe et al. (2008) (dotted line with filled
upward-pointing triangles) used SFOAE 2TS tuning curves.
All of these objective studies used a probe level of Lp¼ 40
dB SPL, as in the present study. The QERB group mean curve
and 95% confidence intervals from Shera et al. (2002)
(dashed lines) were derived by fitting QERB to a power-law
function for high frequencies, CF  1 kHz. This corre-
sponded to the basal 60% of the cochlea, where Shera et al.
(2002) argued that SFOAE latencies were verified to be sim-
ilar to latencies obtained from invasive measurements in lab-
oratory animals.
The group mean curve of experiment 1 in the present
study followed the trend of the group mean curve from Shera
et al. (2002) and those published in Shera et al. (2010). At
3.5 kHz and 5.5 kHz, the group mean QERB values were
within the 95% confidence limits of those estimated by Shera
et al. (2002). At 1.5 kHz, the group mean QERB value was
about 1.1 times the estimates from Shera et al. (2002).
The group mean QERB estimates from experiment 2 (see
Fig. 3), demonstrated weaker frequency dependence than for
experiment 1. Keefe et al. (2008) estimated QERB using 2TS
iso-suppression tuning curves at frequencies 1, 2, and 4 kHz,
and did not demonstrate a significant frequency dependency.
However, the standard error of the group estimate of Keefe
et al. (2008) at 1 kHz was relatively large compared to the
standard errors at other frequencies. This would have
clouded the test for frequency dependence. The standard
errors in the present study are considerably smaller.
IV. DISCUSSION
A. Experiment 1: SFOAE delay estimates for QERB
The estimates of QERB from experiment 1 were made by
assuming a species invariant empirically determined ratio
between cochlear tuning and SFOAE delay in periods. A
good agreement with Shera et al. (2002) and Shera et al.’s
(2010) estimates of cochlear tuning in humans were found.
One potential source of error in the present study is its
assumption that all the recorded SFOAEs arose due to a sin-
gle SFOAE component with a source restricted to a narrow
region of the BM, and therefore reflect tuning properties at
that place. In fact, Shera and Guinan (2008) and Choi et al.
(2008), in chinchilla and humans, respectively, argued that
there is strong evidence for interference between two
SFOAE components and not only the one predicted by
coherent reflection filtering theory. This would manifest in
the SFOAE spectra as quasi-periodic notches, or interference
patterns between the two components which have similar
amplitudes but different phase-gradient delays. Shera and
Guinan (2008) and Choi et al. (2008) separated these two
sources using related signal processing approaches previ-
ously reported (Guinan et al., 2003; Kalluri and Shera, 2001;
Kim et al., 2001; Knight and Kemp, 2001). The approximate
unmixing of these two components allowed the long-latency
component to be associated with the SFOAE group delay
predicted from coherent reflection filtering theory. The
source of the short-latency component is still ambiguous,
potentially arising from reflections from more basal loca-
tions, or from some distortion or nonlinear source. In practi-
cal terms, the addition of the short-latency source has the
effect of reducing the phase-gradient delay of the total
SFOAE. In the present study, no attempt has been made to
compensate for this additional source, as it is believed only
to have a significant impact at lower frequencies, fp  1 kHz
(Shera and Guinan, 2008). The consequence (if any) of not
carrying out this source separation here would be that the
SFOAE group delay in experiment 1 may be underestimated.
This would result in an increase of QERB and would further
magnify the differences between SFOAE phase-gradient
delay and 2TS estimates. Additionally, none of the other
studies considered for comparison with the present study
used the source unmixing procedure.
Due to the similar recording methods, Schairer et al.’s
(2006) QERB estimates, shown in Fig. 3, should be very simi-
lar to Shera et al. (2002) and experiment 1 in the present
study. However, Schairer et al. (2006) demonstrated that
QERB was almost independent of CF. The mean QERB curves
from experiment 1 and from Shera et al. (2002) were closest
to the mean curve from Schairer et al. (2006) at 1.5 kHz, but
the difference in values increased with CF. The largest dif-
ference occurred at 4 kHz, where QERB from Shera et al.
(2002) and experiment 1 were considerably larger than the
values from Schairer et al. (2006) by a factor of 1.5. This
discrepancy in QERB trend was commented upon by Schairer
et al. (2006) and Keefe et al. (2008) and is still unresolved.
A reasonable first step to resolve this would be to investigate
more closely the specific methodology used by Schairer
et al. (2006) to record=obtain their OAEs or QERB post proc-
essing. Schairer et al. (2006) used the same suppression
method (Kalluri and Shera, 2007a) as experiment 1 in the
present study and Shera et al. (2002), to obtain their
SFOAEs. Figures 3 and 4 of Schairer et al. (2006) showed
examples of phase-versus-frequency which were similar to
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those seen in Figure 1 of the present study. Therefore, basic
OAE recording cannot be the source of the QERB differences.
Thus, the discussion here is restricted to QERB post-process-
ing. The QERB post-processing steps of Schairer et al. (2006)
were applied to the SFOAE phase curves from experiment 1.
First, the SFOAE phase was smoothed using cubic-spline
interpolation across frequency, within each band. Second,
the group-delay estimate was calculated, according to Eq.
(1), by means of the derivative of the smoothed phase curve.
Finally, the group delay estimates were converted into QERB
estimates (Schairer et al., 2006). The smoothing was per-
formed with each probe frequency weighted by the SNR to
make the latency calculation more robust to noise. Figure 4
shows a re-plot of the QERB curves from experiment 1 and
from Schairer et al. (2006). Also, the group mean and stand-
ard error limits of QERB, derived using Schairer et al. (2006)
processing steps, are shown. It can be seen that the process-
ing methodology of Schairer et al. (2006) yields lower QERB
values, relative to those employed in experiment 1 here. This
highlights the sensitivity of the group delay estimates (and
hence QERB) to post-processing. However, it should be noted
that Shera et al. (2002) obtained similar estimates to those of
experiment 1 using different post-processing from the pres-
ent study. The similarity of QERB estimates from these two
independent methods gives weight to the argument that the
phase-gradient delays have been correctly obtained here.
B. Experiment 2: SFOAE 2TS estimates for QERB
Results from experiment 2 yielded smaller QERB values
than previous estimates by Keefe et al. (2008), by a factor of
0.7. These estimates were derived using two different para-
digms: the iso-input paradigm (Lineton and Wildgoose,
2009) was applied in the present study and the iso-suppres-
sion paradigm (Kemp and Chum, 1980; Brass and Kemp,
1993; Keefe et al., 2008) was applied in Keefe et al. (2008).
In the latter paradigm, the amount of suppression is kept
fixed and the 2TS tuning curve is defined as the set of Ls val-
ues, producing the same SFOAE residual. Keefe et al.
(2008) recorded these SFOAE residuals against different Ls
for selected subjects at fp¼ 1 kHz at specific fs=fp ratios and
transformed them into subject-specific 2TS iso-suppression
tuning curves. The SFOAE residual curves could, however,
also generate estimates of the subject-specific iso-input tun-
ing curves by using data points at identical Lp and Ls values.
Figure 5 compares a 2TS iso-input tuning curve, estimated
using SFOAE residual curves from Keefe et al. (2008), to
the recorded iso-input tuning curve in subject “sr” for the
present study. No obvious, qualitative difference in bandpass
shape is seen and thus, the recording paradigm is not
expected to explain the QERB calculations remarkably.
C. Covariation of GD and 2TS estimates for QERB
Lineton and Wildgoose (2009) predicted, via numerical
modelling, a weak correlation between auditory filter band-
width estimated from SFOAE GD and 2TS. Lineton and
Wild-goose (2009) found no statistically significant correla-
tion between experimental estimates of BW from GD and
2TS in their 16 adult human test subjects. In the present
study, QERB rather than auditory filter BW was investigated
though they are inversely proportional to each other and
hence should also be correlated.
It was hypothesised here that the individual subject vari-
ability in SFOAE GD and 2TS curve estimates that arise due
to the variability in auditory filter BW and=or QERB is lower
than the implicit variability due to individual OAE generation
mechanisms. By simply looking over a broader frequency
range, it was hoped here that the covariation between the two
estimates of QERB would surface. The results from the ANO-
COVA demonstrated significant covariation between QERB
estimated from GD and 2TS across frequency. This leads to
the conclusion that the two measures are correlated. However,
there is a significant absolute difference between the measures.
FIG. 4. The group QERB mean and SE limits, calculated using the QERB
post- processing method from Schairer et al. (2006) on data from experi-
ment 1. Also, the original Schairer et al. (2006) data from Fig. 3 is re-plot-
ted. Refer to Schairer et al. (2006) for details on the QERB post-processing.
FIG. 5. Comparing the 2TS iso-input and iso-suppression recording para-
digm. A 2TS tuning curve recorded in “band 1” on subject “sr” is shown to-
gether with data points from Figure 1 Keefe et al. (2008). The data points
consist of read-off values of the SFOAE residual, recorded using fp¼ 1 kHz
at frequency ratios fs=fp at 0.260, 0.348, 0.522, 0.609, 0.695, 0.825, 0.956,
1.043, 1.130, 1.174, 1.260, 1.347, 1.434, 1.477, and 1.61. The data points
were read-off at levels Lp¼ 40 dB SPL and Ls¼ 40 dB SPL.
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D. Comparison with behavioral sharpness-of-tuning
estimates
Based on the QERB estimates of the present study, one
could argue that the two SFOAE measures represent the tun-
ing properties of the cochlear in different excitation states. Be-
havioral studies of sharpness-of-tuning were also included in
Fig. 3, based on forward masking (Shera et al., 2002) (dashed
lines) and simultaneous masking (Glasberg and Moore, 1990)
(dot-dashed lines) procedures. The QERB from Shera et al.
(2002) was obtained by averaging human SFOAE and for-
ward masking data. The similarities of the QERB estimates of
Shera et al. (2002) with experiment 1 of the present study
were discussed above. The simultaneous masking estimates of
tuning were illustrated by a polynomial fit based on the
notched-noise masking paradigm Glasberg and Moore (1990)
and using the concept of equivalent rectangular bandwidth
(ERB):
ERB ¼ 24:7 4:37CF=1000þ 1ð Þ: (19)
Combining this with Eq. (16) yielded QERB estimates with a
weak frequency dependence (see Fig. 3). The observed QERB
trend was qualitatively similar to 2TS-derived QERB curves
from experiment 2 and from Keefe et al. (2008).
Simultaneous masking procedures include unavoidable
suppression between the signal and the masker (Keefe et al.,
2008; Rodriguez et al., 2010), while non-simultaneous mask-
ing is not affected by suppression. The striking similarity of
the simultaneous masking QERB estimates to the SFOAE
2TS-derived estimates suggests that suppression similarly
affects both measures. It is argued here that suppression does
not affect the estimates of tuning from experiment 1. In this
experiment, a second suppressor tone is presented in order to
totally suppress the SFOAE (by using an optimal suppressor
frequency fs¼ 1.15 fp and a higher level Ls¼ 60 dB SPL).
The total SFOAE pressure is indirectly inferred from this
completely suppressed recording containing only the stimulus
pressure (Guinan et al., 2003; Schairer et al., 2003; Schairer
and Keefe, 2005). In experiment 1, the SFOAE phase as a
function of excitation frequency is of interest. In experiment
2, the suppressor level is reduced to 40 dB and results in a
partially suppressed SFOAE whose magnitude is a function
of suppressor frequency.
Keefe et al. (2008) have shown that the phase of
SFOAEs recorded using the suppressor method is almost in-
dependent of the suppressor frequency. Thus, in experiment
2, where the suppressor frequency is varied one would expect
the phase to be flat, as can be seen in Fig. 2. It is argued here
that the accumulated phase is due to the travel time to the
characteristic place of the probe frequency peak of the TW,
both for experiment 1 and 2. This is strong evidence to sug-
gest that the place of generation of SFOAE does not vary as
suppressor frequency varies. This argues that the SFOAE re-
sidual is generated on the BM in the region of tonotopic
place, regardless of whether the suppression method is used
to record SFOAE. This was supported by Kalluri and Shera
(2007a), who demonstrated that SFOAEs have approximately
the same amplitude and phase when recorded from methods
that do not make use of a second tone (e.g., compression or
spectral smoothing). Therefore, the results of experiment 1
are assumed not to be affected by the suppression mecha-
nism. In experiment 2, 2TS alters the magnitude of the
SFOAE as a function of suppressor frequency, even though
the recorded emission is generated from the characteristic
place of the probe frequency. Therefore, experiment 2 may
represent the underlying mechanics of the suppression mech-
anism, and not necessarily cochlear tuning.
E. Objective sharpness-of-tuning estimates based
on BM delay
In experiment 1, the estimates of QERB rely on an empiri-
cal relationship between cochlear tuning and SFOAE delay.
Ruggero and Temchin (2007) offered a novel estimate of in
vivo BM group delay in humans using post-mortem delay esti-
mates, with the post-mortem effects compensated for via an
empirical relation derived from experimental animals. Namely,
Ruggero and Temchin (2007) assumed that the quantitative
relationship between post-mortem and in vivo BM group delay
is approximately the same across all mammalian species.
Thus, the post-mortem human BM delay could be used to pre-
dict in vivo delay. From Fig. 7 from Ruggero and Temchin
(2007), BM group delay was 1.8, 1.15, and 0.85 ms at 1.5, 3.5,
and 5.5 kHz, respectively. In order to convert Ruggero and
Temchin’s (2007) GD estimates to cochlear tuning estimates
comparable with the present study, one must assume that
SFOAE GD correctly reflects BM delay in vivo. This assump-
tion remains to be tested however. If one assumes a model of
SFOAE generation where BM group delay and SFOAE delay
are related by a frequency independent constant (generally
accepted in the basal portion of the cochlea), then QERB esti-
mates based on Ruggero and Temchin (2007) can be made. It
is initially assumed that this constant of proportionality is 2,
based on simplified coherent reflection filtering theory (Shera
and Guinan, 2003). Fig. 3 (dotted line with filled diamonds)
shows the QERB estimates made here based on Ruggero and
Temchin’s (2007) human BM delay. Much shorter delays,
than obtained by SFOAE phase-gradient methods, were
observed by Ruggero and Temchin (2007). This led to QERB
estimates closer to the 2TS estimates of the present study. Rug-
gero and Temchin’s (2007) estimated BM group delays from
the post-mortem delays are of the order of a factor of 5 smaller
than SFOAE delays recorded here. There is no supporting in
vivo evidence in experimental animals to suggest such a factor
difference, whereas the evidence points to a factor of nearly 2
(Shera et al., 2002; Shera and Guinan, 2003; Siegel et al.,
2005; Moleti and Sisto, 2008; Harte et al., 2009) or closer to 1
at low frequencies (Siegel et al., 2005; Ren, 2004) if one does
not account for both long and short latency SFOAE compo-
nents (Shera and Guinan, 2008; Choi et al., 2008).
F. Influence of stimulus level on estimates of QERB
The present study estimated cochlear tuning at a single
excitation level of 40 dB SPL. However, it should be com-
mented that cochlear tuning is a level-dependent property,
where physiological evidence in animals points to broadening
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BM excitation patterns for increasing excitation level (e.g.,
Ruggero et al., 1997). Indirect estimates based on BM group
delay estimates from auditory brainstem responses to tone
bursts would tend to agree with this (Neely et al., 1988).
Schairer et al. (2006) demonstrated that QERB estimated from
SFOAE group delay decreased as excitation level increased
from 40 to 70 dB SPL, as one would expect the SFOAE
group delay to decrease (BW increase as excitation patterns
broaden) with excitation level. The estimates of Keefe et al.
(2008) of QERB based on 2TS demonstrated no significant
level dependence as excitation level was increased from 30 to
60 dB SPL. Future studies looking at higher excitation levels
should take care to see if there is any influence of a second
SFOAE component on the QERB, as mentioned in Sec. IV A.
Using the source unmixing procedure of Shera and Guinan
(2008) and Choi et al. (2008) may be necessary.
G. Suppression and cochlear tuning
Two-tone suppression occurs within the cochlea as a
consequence of the inherent nonlinear compression of
dynamic range, and without it 2TS would vanish (Ruggero
et al., 1992). Rhode (2007) investigated BM 2TS in 16 chin-
chilla cochleae in the mid-frequency range (5.3 to 9.1 kHz),
taking care to ensure the cochleae remained sensitive. Rhode
(2007) compared iso-suppression frequency functions (1 dB
reduction in probe response) with iso-amplitude functions to
the probe alone. The suppression functions were much wider
in frequency than the single-tone BM iso-amplitude filter
functions. If one were to use these to estimate BM tuning,
this would imply that the iso-suppression based estimates
give a lower QERB than the true iso-amplitude tuning curves.
Rhode (2007) reported that suppression extends from the
lowest suppression frequency used in his study to nearly 1
octave above CF. Thus, suppression was found to extend
throughout and beyond the single-tone tuning region. This is
the probable reason for the differences in QERB estimates in
the present study, which would imply that 2TS yields differ-
ent tuning properties than single frequency cochlear BM tun-
ing. However, it is not clear to what extent BM vibration
iso-suppression tuning curves can be compared with SFOAE
iso-suppression tuning curves.
In an attempt to understand the link between suppression
and BM vibration patterns, Lineton and Lutman (2003) and
Lineton and Wildgoose (2009) modeled 2TS SFOAE tuning
curves using the quasilinear long-wave model of Kanis and de
Boer (1994). Lineton and Wildgoose’s (2009) 2TS tuning
curve simulations unfortunately failed to accurately model
maximal suppression within the well known empirically deter-
mined range 1.1  fs=fp  1.2 (Brass and Kemp, 1993; Keefe
et al., 2008; Lineton and Wildgoose, 2009). Thus key features
of 2TS of SFOAEs were not captured in this model. In light of
the discrepancies between the SFOAE phase-gradient and 2TS
estimates for cochlear tuning in the present study, further mod-
eling work is needed to properly explain 2TS and how it
relates to cochlear tuning and BM vibration patterns. The com-
monly used heuristic argument presented here (see Sec. I B)
and in the literature (Keefe et al., 2008; Lineton and Wild-
goose, 2009) is clearly insufficient.
V. SUMMARYAND CONCLUSION
This study compared two SFOAE measures of sharpness-
of-tuning QERB, based on SFOAE latency and 2TS tuning
curves, recorded in the same subjects. The sharpness-of-tuning
curves were found to be frequency dependent with sharper tun-
ing from apex to the base of the cochlea. The 2TS QERB esti-
mates were found to have a weaker (though statistically
significant) frequency dependence than the phase-gradient
delay estimates. The key result, however, was that the absolute
differences between the two tuning estimates were very large
and statistically significant. The QERB estimates from both
methods were largely in agreement with historical studies.
A major difference in phase-gradient delay estimates
existed in the literature between Shera et al. (2002) and
Schairer et al. (2006). The present study suggests that these
differences were largely due to different post-processing
strategies used. Taking a pragmatic view, the results of the
present study were obtained using an independent post-proc-
essing strategy to that of Shera et al. (2002) and similar
results were obtained. Thus, this independent verification
would tend to support the results of Shera et al. (2002) over
Schairer et al. (2006).
It is obvious and implicit that 2TS estimates of cochlear
tuning are strongly affected by suppression in the cochlea. It
is argued here that the phase-gradient delay estimates are not
similarly affected. Historical studies have shown that
SFOAE phase is largely independent of the suppressor fre-
quency used. Therefore, the SFOAE is generated on the BM
in the region of tonotopic place, regardless of whether the
suppression method is used. An important study by Rhode
(2007), in sensitive in vivo chinchilla cochleae, pointed to
the fact that 2TS tuning curves are much broader in fre-
quency than pure tone BM vibration patterns. This has been
used to argue for the differences between the two measures
of QERB in the present study. Thus, 2TS estimates of coch-
lear tuning may represent the underlying mechanics of the
suppression mechanism, and not necessarily cochlear tuning.
However, it is not clear to what extent BM vibration iso-sup-
pression tuning curves can be compared with SFOAE iso-
suppression tuning curves, thus highlighting the need for
more experimental and modeling verification. The present
study concludes that the phase-gradient delay estimate is the
most likely one to reflect BM tuning.
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